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We investigate the potential of multivariate techniques to improve the LHC search for invisible
Higgs decays in weak boson fusion. We find that in the coming runs the LHC will be able to probe
an invisible Higgs width of 28% within a year and 3.5% during a high luminosity run. A significant
improvement over these estimates requires an analysis of QCD radiation patterns down to 10 GeV.
Such an analysis can improve the reach at the high luminosity run to 2%. Throughout our analysis
we employ a conservative, data driven background determination.
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3I. INTRODUCTION
The discovery of the Higgs boson [1] on 4th July 2012 was a triumph for the LHC physics program [2].
After the one missing piece of the Standard Model (SM) was found, attention quickly turned to measuring the
properties of the particle. So far, all measurements at the LHC appear to be compatible with the Standard
Model. Most notably, this holds for the measurement of the Higgs couplings to all Standard Model particles [3].
Given the multitude of indirect constraints on the Higgs sector and the sizable error bars this is not completely
unexpected. With an upgrade in energy and much more data to collect, it is vital that all of the possible
production and decay modes of the Higgs are probed to as high accuracy as possible.
The question of whether the Higgs boson has an invisible decay width is particularly important. In the
Standard Model, such an invisible width is negligible compared to the expected LHC reach. However, many
theories of new physics predict an invisible decay width competitive with the total Standard Model width [4].
The main motivation for searching for such decays is that the Higgs sector could be linked to a solution to dark
matter. More precisely, due to the super-renormalizable nature of the Higgs mass term, any singlet field can mix
with the Higgs and a portal into a hidden sector opens [5]. The Higgs portal opens a wealth of options for model
building ranging from simple dark matter models to more complicated unified models [5]. Whatever guides
the exact composition of such a hidden sector, a Higgs portal would always show itself through an invisible
decay width [6], which sometimes leads to somewhat misguided speculation [7]. A measurement of an invisible
Higgs decay would therefore directly lead to interesting physics beyond the Standard Model and hopefully be
connected to a viable dark matter candidate.
Recently hints of new physics have appeared in final states with missing energy at the LHC [8] in the W+W−
cross-section and supersymmetric electroweak searches. All these anomalies involve missing energy in final states
connected to electroweak symmetry breaking, which means they motivate improvements to the current invisible
Higgs searches.
There are different strategies to detect such a deviation at the LHC. The classic search strategy for invisible
Higgs decays is based on weak-boson-fusion (WBF) Higgs production [9, 10]. Boosted Higgs production in
association with a W and Z boson will significantly add to the LHC reach [11]. A search for invisible Higgs
decays in tt¯H production [12] will be a challenge at the LHC, both statistically and systematically. Experimental
measurements in ZH production and weak-boson-fusion Higgs production have recently been performed by
CMS [13] and for ZH production only by ATLAS [14]. For a given underlying model, global fits of the
Higgs couplings can probe invisible decay modes contributing to the total Higgs width in a model-dependent
fashion [15–17].
In this study we analyze the WBF production channel and ask the question where it can be improved over the
original findings [9]. We use a multivariate analysis implemented as a boosted decision tree (BDT) to separate
signal and background and compare it to a normal cut based approach. One of the central questions is how much
information is lost when we employ a jet veto instead of a comprehensive study of the jet activity. In addition,
we devise a completely data driven background determination with essentially no Monte-Carlo extrapolation
between control and signal regions. Specifically, the Z → νν background is modeled from Z → `` events and the
W → `ν background is determined from events with a lepton and a transverse mass consistent with a W -decay.
The remaining systematic uncertainty is associated with lepton reconstruction and identification probabilities
and the W and Z branching ratios. This means that the BDT can be trained on data and then applied to the
signal region, which allows us to safely push the multivariate analysis without worrying about the effect this
may have on the associated systematic error of the analysis.
In Section II we start by explaining the kinematic variables entering the multivariate analysis, both with two
tagging jets only and including additional QCD jets. In the following Section III we present our background
determination. Based on those two chapters we systematically test the prospects during the upcoming LHC
runs in Section IV. We estimate the effectiveness of a central jet veto and find that the most promising path for
an improvement of the WBF analysis is to include more information on QCD jet radiation.
II. SIGNAL KINEMATICS
All signal and background samples were produced by Sherpa [18] with additional matrix element jets matched
using the CKKW algorithm [19]. The events are then passed through the Delphes detector simulation [20]
4with advanced parameterizations of the ATLAS electron, muon and tau reconstruction and identification algo-
rithms given by the CheckMate tune [21]. The final state jets are clustered using the anti-kT algorithm in
FastJet [22] with R = 0.4.
To effectively separate signal and backgrounds we use a Boosted Decision Tree (BDT) available through
Tmva [23] in the Root analysis framework [24]. We use a BDT with 400 trees which each contain 3 layers and
extensively test with different Monte-Carlo parameters to check that the trees are stable and not over-trained.
To calculate the reach of the LHC we use the CLs prescription [25] and display our results in terms of the
invisible Higgs width that can be excluded at the 95% confidence level.
All signal events are first required to pass a common set of trigger and selection cuts, including at least two
tagging jets and missing transverse energy with
pT,j > 20 (10) GeV |ηj | < 4.5
/pT > 100 GeV ∆φ/pT ,j
> 0.4 . (1)
The angular separation of the jets and the missing energy vector helps to reduce fake missing energy from
mis-measured jet momenta. For the signal selection we veto leptons, as described in the following Sec. III.
Events including leptons from W or Z decays will correspondingly serve as control regions. We note that while
the two tagging jets may appear too soft to be used as a trigger, we still require substantial missing energy,
/pT > 100 GeV. Consequently, one or both jets will by definition have significant pT that can be triggered on.
In addition to conservatively using jets with pT > 20 GeV we also present results with 10 GeV jets. This
allows us to estimate possible improvements from the jet kinematics or a central jet veto [26]. However, there
are significant doubts of how well this technique will work once pile-up is included. On the other hand, particle
flow has shown significant promise in managing the effects of pile-up. This can especially be seen in boosted jet
studies. On the theory side the number and the kinematic features of 10 GeV jets are challenging to predict and
will induce large errors in the analysis. Concerning the experimental systematics and the theory uncertainty
we emphasize that our backgrounds are determined in a completely data driven way, as described in Sec. III.
Any source of soft or collinear QCD radiation will equally affect both the background control regions and signal
regions.
The first set of variables we define are the usual variables used in many WBF analyses along with /pT due to
the invisible Higgs signal we are searching for,
{pT,j , |ηj1 − ηj2 |, ηj1 · ηj2 , mj1j2 , ∆φj1,j2 , /pT } (default) . (2)
From the original analysis of the LHC sensitivity to an invisible Higgs [9] we quote the cut values with the
exception of a the maximum jet rapidity,
pT,j > 40 GeV /pT > 100 GeV mj1j2 > 1200 GeV
|ηj | < 4.5 |ηj1 − ηj2 | > 4.4 ηj1 · ηj2 < 0 . (3)
To easily compare the various results we always present the signal to background ratio after these default cuts.
The central jet veto is defined by vetoing events with a third central jet ηj1 > ηj3 > ηj2 where pT,j3 > 20 GeV [26].
For the box cuts defined above we order the jets in terms of decreasing pT to easily compare and check our
results against the original study.
Finally, the azimuthal angle between the tagging jets with its peculiar sensitivity to the Lorentz structure of
the event [9, 27] is added,
∆φj1,j2 < 1 , (4)
and we include these cuts in turn to give three baseline comparison points.
In a systematic analysis of the multi-jet kinematics we can in principle rely on Fox–Wolfram moments [28].
However, the invisible Higgs analysis is dominated by the 2-jet sample with a central jet veto, which can be easily
described in terms of a few tagging jet observables. We therefore use a BDT including simply the kinematic
variables
{pT,j1 , ηj1 , pT,j2 , ηj2 , ∆φj1,j2 , /pT } (2-jet) . (5)
5While the actual kinematic variables differ between our 2-jet setup and the default set in Eq.(2), we have checked
that in a multivariate analysis the two sets are equivalent. When looking at the 3-jet system we add
{pT,j3 , ηj3 , ∆φj1,j3} (3-jet) . (6)
For this set of variables we use a forward-backward selection where we define ηj1 = ηmax (the most forward
jet) and ηj2 = ηmin (the most backward jet). Any additional jets in the event are then ordered in terms of
decreasing pT . Consequently, with this selection, the events after a central jet veto and the exclusive 2-jet
sample are identical. We have checked that the forward-backward selection of the tagging jets gives a better
reach for the analysis than using a pT based selection.
At the matrix element level, the above variables without the missing transverse energy fully describe the
system. However, additional soft radiation will always be present and produce a transverse boost to the system.
This is why we add /pT to the set of variables which we will target with the help of a multivariate analysis setup.
In Sec.IV we will give a detailed argument why we can limit ourselves to the 2-jet and 3-jet samples described
above.
III. BACKGROUNDS
The background to the invisible Higgs signal is dominated by two sources, Z → νν and W → `ν where the
final state lepton is either outside the detector acceptance or fails to be reconstructed. The W and Z production
process in association with n jets can be mediated by a pure QCD process radiating the weak gauge boson,
σ ∝ αnsα. Alternatively, there can be an underlying weak process with jet radiation, σ ∝ αn−2s α3. The QCD
process will have a significantly larger rate, while the kinematics of the jet radiation will be more signal-like for
the weak production process [26]. Both QCD multi-jet and tt¯ production were found to contribute a negligible
background compared to W and Z production. In particular the multi-jet background where one jet is highly
mis-measured leading to a large /pT signal is very effectively reduced by the ∆φ/pT ,j
cut.
Our signal events have to pass a lepton veto, implemented in CheckMate [21]. The electron reconstruction
uses the ATLAS ‘loose’ working point and is parametrized as a function of pT and η. The tau veto also relies
on the ATLAS ‘loose’ working point as a function of pT and has roughly 70% efficiency for 1-prong and 65%
efficiency for 3-prong hadronic tau decays. Both the Z → νν background and W → `ν background where the
lepton either fails to be reconstructed or falls outside of the detector acceptance are determined through control
regions. To determine the backgrounds we rely completely on events with a reconstructed leptonic Z or W
decay either after cuts or in a BDT trained with signal and background events. In both cases the backgrounds
can be understood in detail using real events. We demand that these control region events pass exactly the
same cuts as for the signal events. Leptons are required to fulfill
pT,e > 10 GeV |ηe| < 2.5
pT,µ > 5 GeV |ηµ| < 2.5
pT,τ > 20 GeV |ητ | < 2.5 . (7)
For the W background, we require an isolated muon or electron instead of a lepton veto. In addition, the
transverse mass of the lepton and the missing transverse momentum has to reconstruct the W -mass with
30 GeV < mT < 100 GeV. For the Z control region we require a pair of leptons of same flavor but opposite
charge instead of the lepton veto. Their invariant mass has to reconstruct the Z-mass, 66 GeV < m`` < 116 GeV.
Previous studies [9, 10] reduce the statistical uncertainty on the backgrounds by kinematically extrapolating
from control regions with large background populations to signal regions with far smaller backgrounds. Essen-
tially, the Monte-Carlo prediction is normalized to data in the control region and it is assumed that the shape
is described well enough to extrapolate to the signal region with far smaller background. However, we find that
the systematic uncertainty associated with such extrapolations can easily become the dominant error source at
the LHC, especially for the higher luminosity runs. In addition, reliably estimating the size of this extrapolation
uncertainty accurately will be a challenge once we have to decide if a measurement actually points to invisible
Higgs decays.
Another approach to estimate the Z → νν background has been pioneered by the mono-jet searches at the
LHC. It uses a single hard photon as a template for the Z. Again the motivation to include these events is the
6pT,j > 20 GeV pT,j > 10 GeV
L[fb−1] Eq.(3) + jet veto + ∆φjj BDT 2-jets BDT 2-jets + BDT 3-jets
10 1.02 0.49 0.47 0.28 0.18 0.16
100 0.49 0.20 0.18 0.10 0.07 0.061
3000 0.25 0.094 0.069 0.035 0.025 0.021
Table I. Exclusion reach in BRinv = Γinv/ΓH at 95% CLs to an invisible Higgs width at various luminosities and different
combinations of cuts and multivariate analyses.
larger corresponding cross-section that reduces the associated statistical error. However, this also comes at the
cost of introducing a non-trivial systematic uncertainty to account for the different kinematic structures. The
limited systematic control can be studied in the distribution of the number of jets radiated in hard photon and
Z events [29].
We aim to minimize such extrapolations as much as possible and demand that the control samples with
reconstructed leptons pass the same cuts as for the signal. In fact, the only extrapolation in our study are the
cases when either a neutrino in Z → νν or a lepton in W → `ν lies outside the detector acceptance. These
events are rare since they are associated with small /pT , and the Monte-Carlo extrapolation of the W and Z
decays will be very accurate.
The advantage of using a purely data driven background determination technique with minimal extrapolation
is that it offers the perfect test bed to push multi-variate techniques in the search for new physics. Since the
backgrounds are safely determined from data there is no danger of over-training on a Monte-Carlo effect that
is not present in reality. We essentially use the background with reconstructed leptons as a template for the
zero-lepton background. Deviations in the signal data from the background template give you access to the new
physics. The translation between the two relies on the ratio,
R =
BR(Z → νν)
BR(Z → ``) ' 2.97 , (8)
for ` = e, µ. Currently, there is a 2% uncertainty on the ratio [30] and this is unlikely to improve in the LHC
lifetime.
In addition, there are systematic uncertainties associated with the lepton identification, reconstruction and
acceptance on both the background and control regions. Here we use the current CMS mono-jet search [31]
as guide since the background is estimated in a very similar way. Currently the systematic uncertainty ranges
around 3% for the Z → νν background and around 4% for the W → `ν background. However, this error is
dominated by the statistical error associated with the number of leptons reconstructed at different energies and
angles. We scale this systematic error by the luminosity for each of the scenarios that we consider.
We would also like to note that the average /pT for Z → νν background events after our BDT has been
applied is ∼ 200GeV for all values of the discriminator used in our analysis. Consequently, we do not require
the reconstruction of high energy leptons that may have larger uncertainties attached.
IV. LHC REACH
To compute the prospects of the upcoming LHC runs at 13 TeV in searching for an invisible Higgs produced
in weak boson fusion we start with jets having pT,j > 20 GeV. To reproduce the original analysis of Ref. [9] we
apply the box cuts given in Eq.(3), add a central jet veto, and finally include the cut on the azimuthal tagging
jet correlation in Eq.(4). We show the corresponding LHC reach in the invisible Higgs branching ratio at 95%
CLs for different integrated luminosities in the first three columns of Tab. I. Unlike in the original paper we do
not include the jet veto survival probability as an external factor, but use our multi-jet simulations to simulate
the jet veto. One of the reasons is that one of the assumptions in the computation of such survival properties,
namely a Poisson distribution in the number of radiated jets, is strictly speaking not correct for the signal
and for the electroweak background [26]. Nevertheless, our signal and background rates after the box cuts are
consistent with the original work [9].
With 10 fb−1 at 13 TeV we find that with the classical weak-boson-fusion cuts we can probe an invisible
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Figure 1. ROC curve for the 2-jet basis vectors, Eq.(5), and /pT on the exclusive 20 GeV (left) and 10 GeV (right) 2-jet
sample (red dashed), 3-jet, also Eq.(6), (blue dotted) and the combination (black). For comparison the baseline box cut
Eq.(3), also including a jet-veto and in addition a ∆φ cut, Eq.(4) are shown as points.
width at the same order as the total Standard Model width. The jet veto is crucial to the analysis, increasing
the reach in the invisible branching ratio by a factor two. Adding the ∆φjj cut only marginally improves the
limit at low luminosity. This is because with only 10 fb−1 of data the analysis is statistically limited. Whilst
the ∆φjj cut improves the signal-to-background ratio, the significance is hardly affected. Our results for an
integrated luminosity of 10 fb−1 at 13 TeV are similar to the CMS result (0.49) based on 20 fb−1 at 8 TeV,
which can be understood by the rough scaling of the number of events [13].
As we move to higher luminosity, the reduced statistical error allows us to probe smaller invisible Higgs widths.
With 100 fb−1 we expect to probe an invisible branching ratio around 20%, while during the high-luminosity
run with 3000 fb−1 the limit should drop below 7%. For the high-luminosity option the ∆φjj box cut is at
least as efficient as the central jet veto. This leads us to expect that in particular this cut will benefit from a
multivariate analysis instead of a statistically limited cut applied to few remaining signal events.
To test the impact of a multi-variate analysis we start with a BDT that first only contains the 2-jet sample.
The corresponding kinematic variables are listed in Eq.(5) and include the missing transverse energy because it
is very specifically affected by soft physics. This approach can be viewed as a multi-variate analysis after a jet
veto.
The power of a multi-variate analysis has to be described in terms of a receiver operator curve (ROC). On this
curve we can eventually choose individual working points. The ROC curve of our BDT analysis is optimized
to minimize the background for each chosen signal efficiency separately for the 2-jet and 3-jet samples. In the
left panel of Fig. 1 we show the signal efficiency vs the background fake rate for the 2-jet sample compared to
the three box cut results shown in Tab. I. For example assuming a constant signal efficiency we see that the
BDT analysis halves the background fake rate, both compared to the basics cut with the central jet veto and
the basic cuts with the central jet veto and the ∆φjj cut.
The LHC reach of the multi-variate analysis is then calculated by including both the statistical and systematic
uncertainty on the background. In fact, the systematic component of the background also has a statistical
component in this analysis since we apply the same cuts on the background control samples as the background
and signal itself. The ROC point with the most sensitivity for a particular luminosity is then chosen to calculate
the final expected reach. The result for the 2-jet BDT analysis quoted in Tab. I suggests that the reach in the
invisible branching ratio improves by a factor two for all luminosity scenarios. For the high-luminosity run an
invisible branching ratio down to 3.5% can be probed.
The remaining key question is to what degree the full information on additional jets instead of the jet veto
improves the LHC reach. For this purpose we train the BDT analysis on the combined 2-jet and 3-jet samples,
using the extended set of kinematic variables given in Eq.(6). To see why we only consider the 2-jet and 3-jet
sub-samples we examine the signal-to-background ratios in Tab. II. For 20 GeV jets, the original S/B values
8pT,j > 20 GeV pT,j > 10 GeV
2-jets 3-jets 4-jets 2-jets 3-jets 4-jets
S/B after Eq.(1) 1/240 1/360 1/475 1/213 1/303 1/429
S 0.01 0.01 0.01 0.01 0.01 0.01
B 1.7× 10−6 1.3× 10−5 2.7× 10−5 7.5× 10−7 3.2× 10−6 2.4× 10−5
S/B 1/2.6 1/21 1/42 1/1.2 1/5 1/38
Table II. Signal and background efficiencies and signal-to-background ratios for different jet multiplicities after the
acceptance cuts and after applying an optimized BDT discriminant. We choose the BDT discriminant such that S = 0.01.
after the acceptance cuts of Eq.(1) decrease with the number of jets, leading to a statistical limitation of higher
jet multiplicities. Because of the color structure of the signal the geometric distribution of the jets is very
different for the signal and the background; this difference is most pronounced for the two tagging jets and
gets washed out with any radiated jets. We test this by comparing the background efficiencies from the BDT
for working point with a constant signal efficiency of S = 0.01. This point is close to the optimal choice for
an integrated luminosity of 10 fb−1. In the corresponding S/B values we indeed observe a dramatic drop for
the 3-jet and 4-jet samples, compared to the same ratio after acceptance cuts only. If, as it will turn out,
the 3-jet samples do not have significant impact on the final signal extraction we can safely neglect higher jet
multiplicities.
In the left panel of Fig. 1 we see that for jets with pT,j > 20 GeV the performance of the 3-jet analysis is
marginal. This is not entirely unexpected. we know that only a small fraction of signal events has an additional
jet, while the number of jets in QCD Z+jets production is logarithmically enhanced and follows a Poisson
distribution with a maximum at finite jet multiplicities [26]. As a matter of fact, this observation has been the
motivation for a central jet veto [26] and can be reproduced from Tab. II. Combining the 2-jet sample with the
3-jet sample shows hardly any improvement. We only start to see a slight difference between the 2-jet sample
and the full sample when we look at higher signal acceptances, which is not the regime which gives us the best
reach for invisible Higgs decays for any of the three luminosity choices.
Using the same BDT setup as in Tab. II we can determine the composition of the different backgrounds to the
2-jet sample. We find that the QCD W+jets background is the largest with σB = 98 fb for a signal cross section
of σS = 80 fb. QCD Z+jets is the second-largest background with 50 fb, followed by electroweak Z+jets and
W+jets production with 37 fb and 27 fb. This means that for our working point the QCD production process
are slightly larger, but the electroweak processes are hardly suppressed.
The only obvious path to improve the LHC reach for invisible Higgs decays is to include more information on
jet radiation in the analysis. First, a lower transverse momentum cut on the tagging jets will increase the signal
statistics. Second, the structure of additional jet radiation will be more distinctive the more jets we include
in the corresponding analysis. In Tab. I we compare the 10 GeV and 20 GeV jet selection for the 2-jet BDT
analysis with the kinematic observables given in Eq.(5). Indeed, the experimentally challenging analysis setup
including softer jets can increase the LHC reach in the invisible Higgs branching ratio by some 50%.
In the right panel of Fig. 1 we compare the BDT with the box cuts using 10 GeV jets, as before. In addition
to the expected improvement in the 2-jet analysis we also observe a comparably dramatic effect on the 3-jet
analysis. While it is still not competitive with the 2-jet analysis, it leads to a significant improvement at large
signal efficiencies of S > 2%. For the optimal working point an improvement by almost a factor of 2 compared
to the 20 GeV dominantly 2-jet analysis is shown in Tab. I.
In this case, where the 3-jet sample does allow for a significant improvement of the LHC reach we definitely
have to see what additional jets can contribute. In Tab. II we again show the signal-to-background ratios for
different jet multiplicities after acceptance cuts and after a BDT analysis of the kinematic features. While
for the 20 GeV case the dramatic loss of power occurred between the 2-jet and 3-jet samples, the softer jets
above pT,j = 10 GeV move this drop to between the 3-jet and the 4-jet samples. This shift reflects the fact
that for sufficiently low transverse momenta enough signal events will develop additional jet activity which is
different from the corresponding background patterns. In this case the relevance of the different backgrounds
get re-adjusted: while the dominant background remains QCD W+jets production with 37 fb, it is now followed
by electroweak Z+jets production with 23 fb and QCD Z+jets production with 19 fb. The electroweak W+jets
channel adds 14 fb to the combined backgrounds. Electroweak backgrounds exhibit a QCD structure very similar
to the WBF signal, making them more dangerous the more we rely on jet patterns for the signal extraction.
9V. CONCLUSIONS
We have investigated how to improve the reach of the LHC to invisible Higgs decays in the classic weak-boson-
fusion channel [9]. Based on a multi-variate BDT analysis we found that we can probe signal rates almost twice
as small as with traditional cuts. In particular, at a 13 TeV LHC with 10 fb−1, we find that the reach improves
from an invisible branching of 47% to 28% at 95% C.L. For the high-luminosity LHC we expect a final reach
around 3.5%, significantly benefiting from the increased statistics. Making use of large expected event samples
in the coming LHC runs we completely rely on reconstructed W - and Z-decays for the background simulation,
minimizing systematic and theoretical uncertainties.
The central question in our analysis is to what degree a central jet veto can be improved by taking into account
the full information on the QCD jet radiation. For jets above 20 GeV we find that the 3-jet configuration
hardly contributes to the signal extraction unless we choose a working point with very large signal efficiencies.
Correspondingly, the QCD Z+jets and W+jets backgrounds are slightly more dangerous than their electroweak
counterparts.
The main improvement of invisible Higgs searches at the LHC in this channel needs to incorporate more
information on the QCD activity in the signal and background events. This could be achieved by reducing
the jet threshold to 10 GeV. While this is clearly not a conservative requirement on the detectors and the
analysis strategy, methods to include soft jets are being tested for example in jet substructure studies. With
the additional jets the 3-jet topology does contribute to the signal extraction and should be included beyond a
central jet veto. The high-luminosity run will then be sensitive to branching ratios of 2.1%, also limited by our
understanding of the electroweak backgrounds.
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